Chronic nicotine exposure results in long-term homeostatic regulation of nicotinic acetylcholine receptors (nAChRs) that play a key role in the adaptative cellular processes leading to addiction. However, the relative contribution of the different nAChR subunits in this process is unclear. Using genetically modified mice and pharmacological manipulations, we provide behavioral, electrophysiological, and pharmacological evidence for a long-term mechanism by which chronic nicotine triggers opposing processes differentially mediated by ␤2*-vs. ␣7*nAChRs. These data offer previously undescribed insights into the understanding of nicotine addiction and the treatment of several human pathologies by nicotine-like agents chronically acting on ␤2*-or ␣7*nAChRs.
Chronic nicotine exposure results in long-term homeostatic regulation of nicotinic acetylcholine receptors (nAChRs) that play a key role in the adaptative cellular processes leading to addiction. However, the relative contribution of the different nAChR subunits in this process is unclear. Using genetically modified mice and pharmacological manipulations, we provide behavioral, electrophysiological, and pharmacological evidence for a long-term mechanism by which chronic nicotine triggers opposing processes differentially mediated by ␤2*-vs. ␣7*nAChRs. These data offer previously undescribed insights into the understanding of nicotine addiction and the treatment of several human pathologies by nicotine-like agents chronically acting on ␤2*-or ␣7*nAChRs.
exploratory behaviors ͉ homeostatis ͉ ventral tegmental area ͉ opponent process N icotine is the main active substance of tobacco that causes addiction by altering reward systems and relevant psychomotor and cognitive processes via its specific action on nicotinic acetylcholine receptors (nAChRs) (1) . Acute injection of nicotine increases the firing rates and bursting patterns of dopamine (DA) neurons in the ventral tegmental area (VTA) (2) , enhances DA release in the nucleus accumbens (3) , and modifies locomotor activity (4) . Furthermore, systemic or intra-VTA injection of nicotine elicits self-administration (5-9) and conditioned place preference (10) . These effects disappear in mice lacking high-affinity ␤2-subunit containing nAChRs (␤2*nAChRs) (7, 9, 11) and are restored by reexpression of the ␤2-subunit in VTA neurons (8) .
However, and although this also may be a function of the behavior measured and the species and doses used, repeated or chronic exposure to nicotine may not cause any apparent changes of behavior until the organism is deprived of the drug. Cessation of nicotine delivery then produces a withdrawal syndrome that reveals latent modifications of brain circuits consequent to chronic nicotine exposure (12) . It has been suggested that nAChRs desensitization and subsequent up-regulation might be involved in these long-term effects of nicotine (13) (14) (15) . However, recent evidence (16, 17) suggests that both ␤2*nAChRs and non-␤2*nAChRs, most likely ␣7*nAChRs, are involved in these chronic nicotine effects, even though ␣7*nAChRs do not up-regulate (16) . Furthermore, most of the studies reporting adaptations in nAChRs under chronic nicotine have been conducted in vitro, and knowledge regarding modifications caused by nicotine in vivo appears as essential for the understanding of the mechanisms of withdrawal and tolerance.
Yet the neural mechanisms mediating the long-term effects of nicotine in vivo, in particular the subtypes of nicotinic receptors concerned, remain largely unknown. In the present study, using a mouse model, we address the issue of the modifications caused by chronic nicotine exposure and the differential contribution of the various nAChRs subtypes in behavioral (exploratory behaviors) and electrophysiological (VTA DA neurons firing patterns) paradigms that are known to be specifically modified by an alteration of the ␤2*nAChRs (8, 11, 18) . Furthermore, in contrast to other studies that focus on withdrawal, i.e., after cessation of nicotine administration (15, 19, 20) , we describe here in vivo modification under chronic nicotine. In our experiments, the dose of nicotine used was selected to maintain a plasma concentration of nicotine analogous to that observed in smokers (21) , which was shown to be sufficient to cause a withdrawal syndrome in wild-type (WT) mice (7).
Our study demonstrates that long-term nicotine exposure under our experimental conditions does not cause any apparent effects in WT mice, neither at the behavioral nor at the DA electrophysiological levels, even though nicotine exposure elicits the expected up-regulation of ␤2*nAChRs. It further shows that in WT mice, ␤2*and ␣7*-nAChRs differentially contribute to long-lasting processes that maintain homeostasis as long as nicotine is available. Indeed (i) chronic nicotine treatment, through its action on ␣7*nAChRs, largely restores the behavioral and electrophysiological deficits previously associated with the lack of ␤2*nAChRs in mice; and (ii) WT mice under chronic nicotine display a phenotype analogous to that of ␤2-KO mice when ␣7*nAChRs are pharmacologically blocked. We here propose that the coordinated processes that act through both receptors subtypes and that ultimately maintain homeostasis represent some of the long-term changes at the origin of nicotine addiction.
Results
Chronic exposure to nicotine is known, in both humans and rats, to cause an up-regulation of nAChRs, especially of heteromeric receptors, most likely non-␣7*nAChRs (22) (23) (24) . We confirm here, in WT mice, that long-term exposure to nicotine elicits up-regulation of ␤2*nAChRs. Quantitative receptor autoradiography (see Methods) using [
125 I]-epibatidine and [ 125 I]␣-bungarotoxin as ligands labeling, respectively, the high-and low-affinity nAChR binding sites, showed significant increases in high-affinity binding in lateral septum, caudate putamen, and nucleus accumbens after chronic treatment (Fig. 1A) , whereas the densities of low-affinity nicotinic binding sites were not affected [see supporting information (SI) Fig. 6 ].
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In an attempt to ascertain whether the observed up-regulation of ␤2*nAChRs is associated with behavioral effects, we investigated the exploratory behavior of WT mice under conditions of long-term nicotine exposure. As reported in previous investigations (see Methods for details), mice exposed to a novel open-field environment display several types of displacements, some of them being affected by the deletion of the ␤2-subunit gene (18) . It then was expected that chronic nicotine, by acting on ␤2*nAChRs in WT mice, may cause a modification of open-field behaviors. The spatiotemporal sequential organization of exploratory behavior of mice can be evaluated quantitatively by the analysis of the following four parameters (Fig. 1B and see Methods): (i) the time spent in navigation over the time spent in exploration, (ii) the probability of a fast peripheral trajectory to be followed by a fast center movement, (iii) the probability of a fast center movement to be followed by a pause in the center, and (iv) the number of fast crossings through the center. WT mice chronically exposed to nicotine did not show any significant alteration of any of these four parameters as compared with untreated animals (Fig. 1B) .
We then turned to electrophysiological analysis of VTA DA cell firing. Long-term exposure to nicotine has been reported to modify the synaptic properties of the afferent projections to VTA DA neurons in vitro (25) . Also, we previously showed that acute exposure to nicotine increases the activity of VTA DA neurons in WT mice (11) . Yet, no information regarding longterm modifications of the firing pattern of VTA DA neurons during chronic exposure is available from in vivo studies. Thus, extracellular single-unit recordings (Fig. 1C Left) were obtained from VTA DA neurons in anesthetized mice under either saline or chronic nicotine administration. All of the recorded neurons fulfilled the three criteria used to identify VTA DA neurons (11, 26) . We observed that in animals chronically exposed to nicotine, the distribution of firing rate (Fig. 1C Center) and the percentage of spikes (%SWB) within a burst (Fig. 1C Right) did not show any detectable modification (see Methods for burst identification).
A possible interpretation for the absence of any apparent effects of chronic nicotine on exploratory behavior or on electrophysiological activity of VTA DA neurons, is that, in the WT mouse, long-term changes are revealed only upon the cessation of nicotine delivery and, in fact, are masked during the presence of nicotine. To unravel the underlying processes, we developed a strategy based on the analysis of knockout mice deleted for the ␤2-subunit. These ␤2 Ϫ/Ϫ mice were shown to display (i) a normal withdrawal syndrome after cessation of nicotine delivery (7, 27) , suggesting that these animals maintain a form of sensitivity to nicotine, most likely via non-␤2*nAChRs receptors and (ii) an impairment of VTA DA neuronal activity and exploratory behavior (11, 18) , two phenotypes that have been directly linked to the absence of ␤2*nAChRs in the VTA (8) and for which the possibility of a developmental compensation is unlikely.
Unexpectedly, in ␤2 Ϫ/Ϫ mice, chronic exposure to nicotine significantly altered all four exploratory parameters described above. As illustrated in Fig. 2A , two parameters (fast crossing through the center, i.e., PA-CA-PA and the frequency of stops at the center, i.e., %CA-CI) were fully restored up to WT level and two were brought to an intermediate level in between WT and ␤2 Ϫ/Ϫ mice. Therefore, despite the absence of ␤2*nAChRs, long-term nicotine treatment significantly compensated the exploratory deficit observed in ␤2 Ϫ/Ϫ mice. To elucidate, whether this nicotine-elicited compensation was due to the current ongoing delivery of the drug or to long-term changes elicited by nicotine, a control short-term (3 days) exposure to nicotine was tested and was shown to have little, if any, effect on exploratory behavior, therefore revealing the need for more long-term exposure to nicotine (see SI Text and Fig. 7) . At the electrophysiological level, chronic nicotine treatment elicited a slight, although nonsignificant, increase in firing rate (Fig. 2B ), but a major increase in bursting (Fig. 2C) . As a result, DA neuronal firing patterns of ␤2 Ϫ/Ϫ mice receiving nicotine no longer differed from those exhibited by WT mice.
We then attempted to unravel the mechanisms responsible for these compensatory processes. In ␤2 Ϫ/Ϫ mice submitted to chronic nicotine treatment, neither up-regulation of the persisting heteromeric non-␤2 receptors nor of the homomeric nAChRs sites were observed (see SI Fig. 6 ). Compensatory effects of nicotine cannot be related to increased levels of persisting heteromeric non-␤2 receptors and homomeric receptors. However, this does not exclude the existence of other nAChR alterations leading to receptor dysfunction. On the other hand, it was proposed that, in the ␤2 Ϫ/Ϫ mice, the observed changes of exploratory activity and of DA firing and bursting resulted from the missing effect of endogenously released acetylcholine on ␤2*nAChRs (8, 11 ). An alteration of the level of tonic cholinergic transmission after chronic nicotine treatment thus was hypothesized. [ 3 H]Hemicholinium-3 was used as a selective ligand to label and quantify the density of high-affinity choline uptake sites, a measure proposed to be a relevant index of the level of cholinergic activity in vivo (28) . As already shown (29) , high-affinity choline uptake sites were detected predominantly in the caudate putamen, nucleus accumbens, and cingulate cortex. We observed that, in the absence of nicotine treatment, levels of bound hemicholinium differed between WT and ␤2 Ϫ/Ϫ mice in caudate putamen, nucleus accumbens, and cingulate cortex (Fig. 3) . Finally, we showed that chronic nicotine treatment in ␤2 Ϫ/Ϫ mice led to the recovery of a normal number of choline uptake sites in the caudate putamen and tended to increase it in the nucleus accumbens, but had no effect in the cingulate cortex. On the other hand, no detectable effects were observed in nicotine-treated WT mice in any of the regions of interest (Fig. 3) . It remains unknown which subtype of nicotinic receptors mediates the effects of chronic nicotine observed on open-field behavioral activity, DA neurons, or the activity of striatal cholinergic neurons. A plausible candidate was ␣7*nAChRs, which are the most common subunit in ␤2 Ϫ/Ϫ mice. We therefore tested whether the inhibition of ␣7*nAChRs in ␤2 Ϫ/Ϫ mice receiving nicotine would block the previously established restorative effect of nicotine. For that purpose, ␤2 Ϫ/Ϫ mice were chronically exposed to methyllycaconitine (MLA), an ␣7*nAChRs antagonist, in combination with long-term delivery of nicotine. We observed that, under these conditions, MLA antagonized the restorative effect of nicotine on three of the four behavioral parameters: (i) the probability of fast moves from the periphery to the center, (ii) the probability of slowing down in the center, and (iii) the probability of fast crossing through the center (Fig. 2 A) . MLA also abolished the restorative effects on firing rate (Fig. 2B) and bursting (Fig. 2C) , yielding activity levels statistically similar to those measured in ␤2 Ϫ/Ϫ mice under saline condition. Electrophysiological modifications observed in the firing pattern of VTA DA neurons again correlated well with those observed at the behavioral level.
These data reveal that the restorative effects caused by chronic nicotine in ␤2 Ϫ/Ϫ mice are associated with a long-term plasticity of the cholinergic system that involves ␣7*nAChRs. We then wondered whether such plasticity of the cholinergic system would occur in WT animals, despite the apparent lack of effects of long-term nicotine exposure. WT mice thus were chronically exposed to the nicotine ϩ MLA combination. Behavioral results showed that two of the four exploratory parameters were significantly altered. The behavior of the WT mice became undistinguishable from that of ␤2 Ϫ/Ϫ mice (Fig. 4A) . To ascertain that MLA blocked a process triggered by chronic nicotine and did not produce any effect by itself, we treated WT mice with MLA alone. We observed that MLA did not alter any of the behavioral parameters measured (See SI Text and Fig. 7) . Finally, WT mice exposed to the nicotine ϩ MLA combination displayed electrophysiological parameters (Fig. 4 B and C) at intermediate levels between those measured in ␤2 Ϫ/Ϫ mice (P ϭ 0.15 and P ϭ 0.13 for firing rate and bursting, respectively) and those measured in WT untreated mice (P ϭ 0.30 and P ϭ 0.48). These alterations, revealed by the simultaneous blockade of ␣7*nAChR and exposure of ␤2*nAChRs to nicotine, indicate that a latent long-term adaptation had occurred in WT animals with functional ␣7*nAChR and ␤2*nAChRs. Such an adaptative mechanism would require both receptor subtypes and would result in apparently normal exploratory behavior and electrophysiological properties of DA neurons.
Discussion
Our present results describe long-term homeostatic processes that occur when WT and genetically or pharmacologically modified mice are chronically exposed to nicotine. We provide evidence that, in WT animals, at the dose we used and in the circumscribed framework of our experiments, chronic nicotine does not produce any explicit behavioral and physiological effects despite profound neurochemical modifications involving both ␤2-and ␣7*nAChRs.
These effects are unmasked when either the ␤2*nAChRs or the ␣7*nAChRs are no longer available.
To account for these observations, we propose as a working hypothesis that chronic nicotine modifies the balance between at least two ''opposing'' processes, orchestrated by both the ␤2*nAChRs and the ␣7*nAChRs. The hypothesis illustrated in Fig. 5 proposes the following.
(i) The first ''negative'' effect of chronic nicotine is to render the ␤2*nAChR unavailable through desensitization, in agreement with the classical model proposed by Dani and Heinemann (13) . Consistent with this view, WT mice exposed to chronic nicotine show a ␤2 Ϫ/Ϫ -like phenotype when the compensatory process triggered by ␣7 is blocked. Data obtained in vitro further suggest that low doses of nicotine preferentially desensitize the non-␣7*nAChRs present on VTA neurons (30) through ''highaffinity desensitization'' (31). This mechanism plausibly accounts for the observed dissociation between ␤2*-and ␣7*nAChRs.
(ii) The second effect of chronic nicotine, which may be termed ''positive,'' counteracts the ␤2-driven inactivation caused by desensitization through the involvement of ␣7*nAChRs. It is triggered independently of ␤2*nAChRs desensitization, because it gives rise to restoration of the impaired function in ␤2 Ϫ/Ϫ mice. The administration of MLA blocks the development of this effect in both WT and ␤2 Ϫ/Ϫ and it thus is mediated via ␣7*nAChRs. Yet, ␣7*nAChRs do not up-regulate. On the other hand, the restoration of the presynaptic cholinergic sites observed under chronic nicotine in ␤2 Ϫ/Ϫ mice leads to the proposal of an enhanced tonic release of endogenous acetylcholine, which remains to be demonstrated. Such enhanced cholinergic transmission would mobilize ␣7*nAChRs located either on the ACh striatal interneurons and/or on the glutamatergic terminals originating from the prefrontal cortex.
As suggested by electrophysiological recordings, the restoration that we observe likely involves mesocorticostriatal dopaminergic pathways, the site of restoration of choline uptake. Moreover, the restored behaviors, previously shown to involve exploration and novelty seeking (see also SI Text), were also those specifically altered by a modification of ␤2*nAChRs activity within the VTA (8). Our results, however, do not exclude that other behaviors that depend on different neural pathways are modified by chronic exposure to nicotine (32) .
The present data obtained with WT and mutant mice are consistent with the proposed hypothesis. On the other hand, several aspects of the addictive process caused by nicotine exposure remain to be understood. A first one is the contribution of high-affinity nAChRs up-regulation, which does not appear clearly in our experiments. Another important concern is the precise location of the observed long-term changes in cholinergic brain circuits. Our previous analysis of the firing pattern of VTA DA cells (11) indeed revealed that endogenous ACh activation of ␤2*nAChR gives access to an excitable neuronal state and enhanced bursting patterns. We demonstrate here that this role of ␤2*nAChRs can be bypassed by a process that depends on both ␣7*nAChRs activation and chronic nicotine exposure. An interesting possibility would then be that chronic nicotine causes a long-term modification of the presynaptic properties of glutamatergic terminals in VTA, a mechanism that involves ␣7*nAChRs (33) . Burst firing has been suggested to be elicited by facilitating the presynaptic release of glutamate and to involve as well ␣7*nAChRs (34) . Such long-term modifications might account for the effect of MLA observed in our experiments with chronic nicotine.
However, in ␤2 Ϫ/Ϫ mice, the regional recovery of cholinergic activity, measured by hemicholinium binding, within the striatum that parallels the recovery of electrophysiological parameters in VTA suggests additional locations of the long-term effect and identifies the striatum as a potentially important target. In summary, our data obtained in mice provide evidence for a functional balance between nicotinic receptors subtypes that might also take place in smokers under nicotine exposure. The data from mice also suggest a mechanism that may account for the pharmacological effects of nicotine observed under pathological conditions (35) such as Alzheimer's disease, schizophrenia, and autism that have been reported to differentially affect nAChRs subtypes (36) . Indeed, the high prevalence of smokers in schizophrenic and ADHD patients suggests that chronic nicotine intake may be a form of self-medication (37) that could reflect action of ␣7-dependent compensatory mechanism. The present results on the long-term compensatory effects affecting balance between ␤2*-vs. ␣7*nAChRs caused by chronic nicotine exposure in mice thus pave the way for the design and development of nicotine-like agents for the treatment of human pathologies. These disease states represent outstanding targets for the chronic actions of novel nicotinic drugs.
Methods
Animals. The construction of the genetically modified mice deleted (KO) for the ␤2 nicotinic subunit gene (␤2 Ϫ/Ϫ ) has been described in ref. 38 . C57BL6/J WT control mice and ␤2 Ϫ/Ϫ mutant siblings (from parents backcrossed for 19 generations to the C57BL6/6J parental strain) were supplied by Charles River Laboratories (L'arbresle, France). Mice were housed individually under a 12-h light-dark cycle in rooms at a controlled temperature (21°C) with free access to water and food. All experiments were carried out during the light phase, between 10 a.m. and 6 p.m. All mice were males aged between 3 and 5 months at the beginning of the experiments. Experiments were carried out following the guidelines of the European Communities Council (86/609/EEC).
Drugs. Nicotine hydrogen tartrate salt (Sigma) and methyllycaconitine citrate (Sigma) were dissolved in sterile saline solution (0.9% NaCl). The pH was adjusted to 7 with NaOH.
Surgical Implantation of Minipumps. Mice were slightly anesthetized with a xylazine and ketamine combination (15% xylazine/ 2.5% ketamine/82.5% PBS). Osmotic minipumps (model 2004, ALZET; DURECT) were implanted s.c. at the nape of the neck. They delivered nicotine, MLA, nicotine ϩ MLA, or saline solutions at a constant rate (2.4 mg/kg per day for nicotine and 0.24 mg/kg per day for MLA as MLA has a stronger affinity for ␣7*nAchRs for a period of 28 days). All experiments were carried out between the 21st and the 27th day of nicotine delivery, except the control exploratory experiment for which animals were tested 3 days after the beginning of delivery (see SI Text).
Exploratory Activity. Exploratory activity was measured in a 1-m-diameter circular open field. Experiments were performed out of the sight of the experimenter and a video camera, connected to a Videotrack system (View-point, Lyon, France), and recorded the trajectories of the mice for 30 min.
The Videotrack system was set up to differentiate the different types of displacements: navigation (speed Ն14.4 cm/sec) and exploration (speed Յ14.4 cm/sec). The time spent in each type of behavior was automatically measured. Such measures, however, do not describe the alternations and sequences between these complementary locomotor behaviors. Therefore, we adopted a second approach that consisted in a symbol-based analysis of the trajectories (18, 39) . The arena (diameter of 1 m) was virtually divided into a central zone (C, 65 cm) and a peripheral zone (P, 35 cm). The instantaneous velocity was divided into two categories: activity (A, Ͼ 8.75 cm/sec) and inactivity (I, Ͻ 8.75 cm/sec). Then, the symbols were combined to obtain four states: activity in the central zone (CA), inactivity in the central zone (CI), activity in the peripheral zone (PA), and inactivity in the peripheral zone. Overall, four parameters then were defined: Index. The index of exploration defined as the ratio of the time spent in exploration divided by the time spent in navigation. %PA-CA. The conditional probability of transition from state PA to state CA, expressed as a percentage. For example, 60% means that given that the mouse was in PA state, the next state will be CA in 60% of the cases. %CA-CI. The conditional probability of transition from state CA to state CI, also expressed in percentage. #PA-CA-PA. The total number of large movements across the center of the open field. Expressed as an absolute number, it counts the number of PA-CA-PA sequences.
In Vivo Electrophysiology: Extracellular Single-Cell Recordings. As described in detail in previous publications (11) , anesthetized mice were equipped with recording electrodes within the VTA and DA neurons were distinguished from non-DA neurons by their electrophysiological properties (26, 40) . DA cell firing in vivo was analyzed with respect to the average firing rate and the percentage of spikes within a burst (number of spikes within burst divided by total number of spikes). Bursts were identified as discrete events consisting of a sequence of spikes such that (i) their onset are defined by two consecutive spikes within an interval lower than 80 msec, whenever (ii) they terminated with an interval of Ͼ160 msec. Ci ϭ 37 GBq) in 50 mM Tris (pH 7.4) for 30 min. After incubation, sections were rinsed twice for 5 min each in the same buffer and briefly in distilled water. Sections then were exposed to Kodak Biomax films overnight. For [ 3 H]Hemicholinium-3 binding, 20-m sections were incubated with 8 nM [
3 H]Hemicholinium-3 (PerkinElmer; specific activity 125 Ci/mmole) at 4°C for 60 min in 50 mM Tris (pH 7.4) containing 300 mM NaCl. After incubation, sections were rinsed six times for 1 min each in ice-cold 50 mM Tris (pH 7.4) and briefly in distilled water. Nonspecific binding was measured in the presence of 100 M nonlabeled hemicholinium-3. Sections then were exposed for 21 days to Kodak Biomax films. Densitometric analysis in specific brain regions was performed for each radioactive ligand by using Image J software (NIH Image) and appropriate standards. For reference, SI Fig. 6 sections can be compared with figures 28, 46, and 56 (top to bottom) from the mouse atlas of Paxinos and Franklin (41) .
Statistical Analysis. All data were analyzed by using StatView version 5.0 and R, a language and environment for statistical computing. Data are plotted as mean Ϯ SEM. Boxplot was used for %SWB, because the distribution of this parameter does not conform to normal one. Total number (n) of observations in each group and statistic used are indicated in figure legend.
Autoradiographic data ( Fig. 1) were analyzed by using the two samples Wilcoxon tests also known as Mann-Whitney test.
Data concerning exploratory activity were analyzed by using the Student t test (Fig. 1) or one-way ANOVAs and the Fisher post hoc test (Figs. 2 and 4) . df designated the degrees of freedom for the statistic. Electrophysiological data: Distribution of the mean firing rate conforms to a normal distribution, whereas distribution of %SWB does not. Mean firing then was analyzed by using the Student t test (Fig. 1) or one-way ANOVAs and the Fisher post hoc test (Figs. 2 and 4) , whereas %SWB was analyzed by using the Wilcoxon test (Fig. 1) or Kruskal-Wallis rank sum test of the null hypothesis that the location parameters of the distribution of %SWB are the same in each of the four groups. If significant, this test was followed by the Wilcoxon test between groups (Figs.  2 and 4) .
[ 3 H]-Hemicholinium-3 binding (Fig. 3) was analyzed by using two-way ANOVA. Upon significant effects in one source of variation (''genotype,'' ''treatment,'' or interaction between factors), data were analyzed further by using the Fisher post hoc test.
